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OFDM SYSTEM WITH PER SUBCAJRRIBR PHASE ROTATION 



Th<i jiivcolioR r;-latci. £:en<n'a}iy to wireless comxnumcsticms aadj, motoparSiculaiiy, to 
nnUticamcf wireless coiTOminications. 



Om of the probleo^ that most often be over ooaiie in a wij^less cojnmatiicati<ai systmi 
to to ensure reliable, quaiity coinmamcation is m-uidpatJi fadlRg. la a wireless channel it is 
0tten iJig caso that a tra-asi»itl«d signal mil ssach a teceiver by more ikm one path. Tbat is, 
&c sigjiai may reach the receiver by a diisct patlj Irom Jfee ti^imnitter aad alsd by ono or more 
otiier paths that involve signal relEIection from objects or stmctures in the suffounding 
an'iu>r!iii>jtiL l^.vause sne K>n<";! <<i '-l'^ j.TVut: n,al> \mU typically be different thiS 
is corresponding sigiul coniponeuts rcc^iiveci at tiie receiver x\ U\ usually have ditTercnt phasiss. 
SoHKHitnes; the phasing of received sigjia! components will reisxjlt in partial or Ml 
cancellation of the dptal at the receiver TUs loss of signal at the receiver is krxovm && 
muhipath fading. In some situalions, tibe Ming wilt be fissqaency selective. That is, the 
fadiug Will be more pronounced at some S-eqaeneie.? than at otbm. In odaer situations, 
0> however, the f^iiig my oeenr hi a rokiively uniform fa^ion over a larger bandwsdJh. This 
may be t^feii'ed to as non-irequency selective or "fJat" miiitipalb fadittg- Many techniques 
exist for elTecdvely dealing with ireqtxency-selectivc multi-patb fading. However, there is a 
nsed for 5Tic;0H">d^ imd ^trucfure^ that are c:ipah;c of addressing flat muittpath fadmg, 
particuhxriy in systems tiiat utibze mullicarrier conmjuiucation techniques. 

■is* 



MIBF pESCRfmON O B THE DRAWINGS 
Fig, 1 is a block dia^ani ilh^trating ati exaniiJle orthogonal frequency division 
n^nUiplexitig (OFDM) transmitter arrangensent in accordance with an eiabodiment of the 
30 presets invmtioji* 



Fig. 2 is a block diagi^m Ulustratrng aa example OFDM tmnsiuitlei' arfaiigemefit tliat 
may be used in a MIMO bas«?d syftteni in accortkoce wiib mt embodimeiit of tbe pr<?sent 

!■ 3 IS a table ithtstratuig example ;iubcamej preambles iluu piay hii used in & MIMQ 
S biiscd txansoiiner ^inangcmcnt haviag two trassaiit anteaaas in aoscordasce with 
emboduneat the preseni ihiverttio»;: 

Fig. 4 is a tlowdjart iiiastmtittgan example in§:th<xifor tjse m generating an OFDM 
traiistait signal in accordance witfean sn^bodimcntof tije fxesent mvmfen; atid 
Fig. S ^ abldck diai^^iMiisiradttgan.exaaipie.OFDMlmismi^^^ 
10 may be used m a MIMO based system in accordaaoe with amotiierenibodimeatof ilie present 
iin'onMon. 



i 5 In the foHowiftg detailed dcscript ion, refe«uiec isinade to tiie accompajsyitig dmv,iiigs 

that show, by way of iBustratioTi, ispecific mibod«3ftents m wfeicb the invention imy be 
practiced. These embodhnents are described in mMdmt detail to enable tbose skiUed in th« 
3ft to pmcUce llie invention. It 1$ to he understood thai the -variotis embodhaaents of the 
iiwentioii, although dtifereait, at-e not aecessarUy lautuaily e:^C!la8l\'e, For example, a 

ZQ pardciiiar feattwe, structure, or characteristic described herein in connection with one 
euibodi-aentrnay beitnpIe!-Ro:;>o.! oilier embodiments^ ^viibout dt-parting from iha spirit 
and ^cope of the invention, in adJiUou. h :s lo be nndei-siood that ihc locatjon or arrangcmeiit 
of mdi^'iduaf elefneuts mthhi t'ach discJosed cmbodimens may be modified wnhouf depariing 
irort) tlie spirit and scope of the iuveatioa Ihe following detailed description itj, therefore, 

25 not to be taken in a limiting sense, and the scope of tlie present invention is defined only by 
the appended claims, apprc^mteiy inietpreted^ along the ftill tange of equivalents to 
which tlie claitus ate entitled, ^ the drawings, like ntimetals rsf^ar to the same or sirailar 
ftnictior,ality throughout the sevetal views. 

Fig. I IS a block diagrjim iUnsiTating an example orthogonal fi-eqmncy division 

30 multiplexing (OFDM) transmitter arrangement 10 in accordtmee wids '.m eir.bodiment oftht 
present invention. illusuated, tiie transnuttet arrangement lOmay include one or more of: 
a phase shift unit 12> m inverse fast Fonrier transform (IFFT) 14, a guard interval (00 



3 



addidon unit a traxisinitter 18, and aa aatesna 20. Th«! phase shiil u»k 12 receims a 
aiaabex of modvtiation data synibols Xj, at. an 'mpai thereof The modwlatitTO data ?y7Jiba1s 
may be rei:eive'J from, foi example, a raappc^ u,ocul'.!or :h,ii srcL^t. lurut daui ' '''-s ^'a-.cJ (>n 
predetrrmuicd jnuduiatioft schciue. Any of ,i \\:>'c diuerent uHKiulcLnon .scat'tae.^ 

5 may be used mcUidiug, foi exatiipic, bin.ir)' phase sldi'l keying (liP-SK), qaadi diare ph3<<e <ln& 
keymg (QPSK^, 16 quadrature ampUtude tiuiduiaiion ( 16 QA^{). 04 QAM, midfot others, A 
jseriai to p^flol converter or mtsrlesver f»ay be also be used to fom a pai^ilel input iato tbe 
phase ^ibia uuU 1 2, F;ach of the modalation data symhQh X« received by tihe pliase shift ijftit 
12 niay be associated mth> for exasBpls, a coTresponding gtifccaniet of an OFDM sigaai to be 

I D gsiietated .a«d tt^smitted into the wi»esiess cbsnMl 

The phsse shifl uait 12 applies a subcatrief: dependent phase shift to each of the 
Ti-ioibIri*'on s^nibolsXnmpwt thereto i of ,."'<rimp!c v, s?h uuVrenc:- to f Vi. !, {he phase Miiu 
mi\ 'J aif'iies a phase shift to syiuhi^l X, thai sa Jepeadeu? u{xn) the M{bi\iiritn as^f-ciated 
\v!fh iic feyniboj X), a pha^c shift to symbol Ihni h dependent upon the subcarrier 

1 5 assoijiated mik the symbol X^, aJKd o». Thei phase shifted data symbols are then applied to 
ilie IFFT 14 which asnvests 8ie symbols from a imjuenoy domain representsljoii to ^ titne 
domain represeatatidii. The Gl addition imit 16 theft adds a guard iaterval onto {he time 
dm&m sigoat to toi t« OFOM symbol to be Irausaiitted. The OFDM synjboil is then input 
to the traiimutter 1 8 whlch^ amoag other things, opeonvetts aad power amplifies the signal 

20 for transmission from the ameima 20. Any t>'pe of antenna 20 tmy he used iscMing^ for 
exampk, a t'^^wv ; k Js, a Ik-Il ..! autctir.a, dn aa^y, and/or others, 

Th.' ttfinstni Jet asu ngcmem U) s^ uuende<i iu be u,scd m d niuhipie transmit antenna 
^> Niem. Thai is, or moie o^^uch arrfiiigemenls i 0, each havit^g its own aiUemia, aie to be 
hnpkmented mthia a transmitter. The subcarrier dependant phase shift sequences used for 

25 the different antennas in tie mnlttple antenna system mil typically be diiJemit . By providitig 
these subcamer dependent phase shifts to the modoiation symbols, a wireless channei that is 
displaying Hat muhipaih fading characteristics may be converted into a ft^qnency selective 
fadm^ cbannei that can then be dealt wi\h m Kkm\m manner. 

As denser] be<,l abovt\ the- pba<.e slnft nnit 12 applies a subcarrier depcndcat phase shii\ 

30 t<j c<xh of rhc madiilafJOiJ d>?!a >. <rp-U thorcio ■-\ x ariety of diilertnii appioache^ ms.y 
ust:d foi deiemvitufig thi. phase srufis hised on subcarnec in one approach, loi exajnple, a 
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phase tcnn that is llneaiiy related u> the goOTspondi«g subcanief Irequeiicy imy be used, as 
follows: 

whtfje ihe &ubcarrier frequency of the «tli subcarrier relative to tli€f ciiatmel center 
frequency and a is a constant;. Other methods for g<m6m%g phase temis that m Etieady 
xeiated (or aoa-Hiieariy related) to subcwtec fteqaeRcy xmy alt«mativ«iy be used. 

In ^t least one emboditneat, features <>f the iaveatioft are impiesmeated m a multiple 

10 inpus. juulttpie oijtput (MK%lfy> ba^ed miiiticamer system, a MlMO based sy.^tcmv imj!tiple 
inawfit >.n>*ei5jvab arc used to tran^snnt 5mo ft x=vireless channel (muUipic <np^iO andmuUipia 
ftwn c jok-isiax are OAcd to retvive ihs ^ign^il troni d'se %\iiC?css Cii;ji)nei (nralMpls i.>uiT">iit). 
MI'vK'i ,xv->tcnw arc diaracterized by ibeir ability, in ihe presence of rich laiiJiipath, to 
signif oaniiy iiicrease tbe peak tia-ougbout that wmM othmvise be achievable m a smglc 

1 5 h%m single output (SISD) system, without iacreasiug; the fejueacy ba^^d\v^ddJ, Fig, 2 is a 
blotsk diagrstn IJlustrsting m ^anpl« transmitter ammgement 30 that may be «sed in 9 
MIMO based system ta acc(Hdmice with m embodimeat of the present hi veaticau As shown, 
die trajE>smitter armigetamtSO kdud«»; a fet IFFT 32, a first 01 addition mit 34, and a itst 
irsnsjmitter 36 that are associated W3& a Sxst transsat antenna M and a second IFFT 42, s 

20 second OI addition unit 44, and a second transmitter 46 rbat are associated a secoijd 
tKmsmii antemrn 48, In addition, tht- -.rrangeTnent u vluilc,^ a phase shM imit 40 that is 
associated With the second muismit aiUeojia 4S, A plurality of aiodulation data sj'mbols Xa 
uxe received and are directed iiioag paths asuociatcd with each of the t^%o tsanamu arUirnnciS 
35> , 48, in the ticst path (associated wid) antetma 3Z\ m stibcarrjer dependent ph&i^ shit^mg 

as takes place. Tbe data symbolic Xn are fitst processed by the first WFT 32 which transforms 
them from a ^equisncy domain representation to a time domain )eepresetitatioa> A guard 
interval is then added to &e time domain signal by tie OI addition unit 34. The resulting 
sigL-ai is thefi input to ihe transmitter 36 for transmissioiti 6om tlie fei transmit aiitenaa 3S. 
In lis? second p.ith (assocsated with antenna 48X tbe modtdation daia symbols X;, arc firsi 
nroci-;j«aby rhe phrwe ihii: ur;t 41' hid) dvw^s a subcarrier dependent phis^c shttt to Cdch 
ijf ilK s\ mbois. The phase shiited symbols aie then priKtessed by the second ]FFT 4.^, &o 



^Qcoxid 01 addUioa unit 44, md tbe second transmitter 46, and are eatler transmitted frara 
the second tnifisiMt aiiteium 

By :iiseitin!^ Nubcisnci <3eperi^enS phas^^ fdCb i? jntv ihe nsnduljtion ifets symbfi«is 
.^S50^'' ued oue of Ivn o ■.;;f5nu a-Ui^rndj 35? 4S, \\ ueks.s chaunci siiffbring 

5 rivia 'Jd: i'admg can be con'vejEitf J iiuo a freqi!C4K\ selective channcJ that cm be dealf ^\^}h tn a 
knovi'ij mauiief. In asi alternative six^Kgement « dtffcj-ent .subcafner-iiepeudeni phase 
seciwnce may be applied for each ofihe two tmj«^i»t antennas 48, Although shown with 
two transtnjt antennas 38, 4§ in the illnsimted er&feodimect, it should be ajvi^^ciatcd that 
MIMO based iransnsitter atiaa^^jmmts having more than 2 traiisrait antennas may 

iO alterodtively be used. In such an asrai^enaentj at least one ofih? tamrmt antemias i^boTiM 
apply snbcamej- dependent phase shi^s to the conxsspondtng niodtriatton symbols, ss 
de?mbed abme> in one pojssible imptocjiUition. ^ul\-<"i'e' <k'^je«do?'f viinsc fh'fi^- cmj 
applied for more ihati mt transrait a.niemia in tl-ic uhs!t'-t.'\ieM, \ .uc-xn^'ascni, %\ tJb. y dtticiont 
subeamer dependent phase sequent c ;;>ttn- M • v ■> ^-.o,, u 

15 In at icastoaiie MIMO based aitboduDCa* wscntioii, a ^ci of onhogonai or quasi- 

orthogonal spatial weights are apphed to modulation symbols across groups oftones tliai arc 
within a coherence bandwidth (B) of one aso&er. Coherence bandwidth refers to a range of 
ii^qiieacies witbat which frequency componeats tend to sH fade in a siixuiar or conx4a\ed 
fadiion in a system. M one possible pl©se shiit approach, for ©xansple^ a ^ms& shift of 360/B 

20 (degrees) is applied from tone to tone across each gronp of B tones associated xndi at least 
one .>f tJfc n;?f)Snnt antenaas m a wain- lutc;. ^- • .ir \ 'i-c:? Hy n a iriblo 50 ibustratmg 

traa-iMufier .Tira;iL.cme;it bsvutg twu ^mnsmi; aritcrr:si> m hccoidanu nh au uinbodime-T uf 
tjjc i-tosCiU invention, diusb-ated, the pion^bie^ 5^ .ifsociaitjd wnh the i!ubcani<.{s of a 

35 tlfM antenna ^ANT FNKA i ) are not pha<i shiilcd. vviu'e tie picainbies 5-i aq^ociatcd ^ kh. the 
siibcan-ier« of a :5econd antenna (ANTfaMNA 2) are sliilied in a subcarrier dependent maiMten 
The snbcarriers are diyided into tivree different coh^nce baacfe (COHEStBbiCB SAND A, 
COliEitENCE BAND B, asd COHBBBNCB BAND C) that are each app'oximately a 
coherence bandwidth wide. For each of the coherence baiivfc, thesubeanief?; are phase Miifted 

30 noi^t -ubcainej io i>ubcarut by 2 . BKid\jn->i'LV -bO'Bvk'^Tce.-) the f^mtf ra {hen rt;pe<it«d 
Uii^ d jif \t criherencf baiid I'lxis iechmqoe eaai be extmded for use m ^ sys^ert^ hovrii.' 3 or 
mot^ antennas, Porexaniple, the pliase may be increased fmm e^^^'^ to e^^^^-'^^f''^ on the 



Mfh mosmk mtettm. Other teclimques ixmy altemadviely be Xised The snotivatttm for tiie 
above-described tecbaiques an; as follows. A fje<}ucnc>' selective &d.e is approximateiy 
cojistol aver a cohceott; bimdwulth. b^ oidci ro rciiably traiisiRit tbc prcambk' over a 
coljeR'iice t!and\v'idA> Jt heM to rotate iriuiiforraiy o%cr a'f! \pjira\ diviimom. so ilvdl al ieast 
5 some onht* roct;3\ ed {(jnes ex|jerieuce a good signal level As as exaci coberence bandwdth 
vslue If oft«a5 uiiattaijiabk, an apprgxinrntitm ofthc cobeteace bandwidtb may be vsed iu the 

In moih<^ appmacb fcsr \3^e in a MMO based sysieap, ihe same sigjml tnay be 
transmitted on difieteat aatettnas by successtvsly delayitig M signal on each aatmm, Thst 

10 tliesigRai transmitted 6rom the Mifi^ traasmit antetm is cycllcaHy delayed by (M-i)D time 
samples with txsspect to the first aiitetma, vvhere D is the cyclic delay. This technique k 
capable of makiag tbc u-ansmited *?g{va{ appesr omaidirectianai. Tbe vydic iMdv may ako 
be adapted tu tbe chauntt dclav spt>;iad. For ex=impk\ u smaller cvcUc dc!a\ jv.bv i >c used with 
lo^•u*! Jelax :«k1 larger cycUc de!a^ i-)os iK> uocd wUh mgbej deUi> Npi^sadis, In 

1 5 general delay diversity caa bi propridlary and doe.s not require st^mda3■dl2a^;o^. 

One of ih& probleiss tbat arises when tisiug multipic traa^mil aitteimas that each 
transmit tiie same sigjiai (such as in a MMO b^ed system) \$ tbat a directional anteima 
pattern o&m restilts. In at least mt embodimeat of tbe pisesent mveutioa, subcamer 
depeadest phases are selected for subcaEnei« associated wi& atieast one tmosmirantenm in a 

20 multiple transmit antenna arrangement hi a tnanner that results iti asi omtii-directional 
aggregate t^diadou i n ov a aO oftl c subi .v- f WChoui-h flic rjdisiu^u pa\l>:i n oi'c-^ch 
tndiMdual sub^arner vanf!"* sspu a'A V -.uadt; (lunu-dx'cotioir.' u^iuir ilu.^ tu-ch?ui|ite. 5hc 
a^yav^'^^' pattern overall oi il-c :M!».ar i.^is can be made to be suK-ian!i.illy onuii-diR'cuo^ai 
m an open loop tjjinsrtiit di\ eisity sysitem. As before, subcarrjcr depaident phases nwy be 

25 applied to a .single atiteona or to muitiple antssjaas (usi»g digfef<aat suboamar dep^dentpl^e 
sequeaoes) In the muiti-anteniia ^angemfsat. 

Fig, 4 is afiowcbm illtjstratli^ a» (jjiaojplem^stijod 70 fornse ia genetatSitigaaOFDM 
tr^j&jnit Signal in m OFDM system in accordatjce witli an ettibodiment of the pcesem 
iiwemion> Tbe method 70 may be nsed to gea^ate bsnsmit signals k both MMO based 

30 systmis and non MS^IO based sysieras- Xo a MTMO based systeiSi, the method 70 nrdL\ be 
used, fov example, to generate aii OFDM sigaal for transmission fe>m on« (ormoretban one) 
of a plurality of iraasmit atitennas. First, modulation symbols are acquired tliat to be used 
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to generate a^i OFDM ^jguai (b'uck 72) 'Vhe modul4w>R ^►ymbols ineitsde at lc3«t a Itrst 
synibei and a second synihol, hni mav i-nciuUe ai^y number ;jyrobols Fach of ffie 

.ippucd lo rlhi frsi cVTiiln-l V'M >i: iVj^^^Cc;' iip<-n ! s;.bca)5"iCf associated wuh toe t''r?t 
5 s>nri,>i {ftlock A second phase js 3.ppbed ro the secotKl a\Tnbo! ^list i.^ tlcpcndt-nJ 
lipoii A «?uk-amer associated with ihe second symbol (block 76)v Aa imt'tss disjaete Ff uner 
traaiisfona (e.g., a fast Fourier traasfomi, etc.) is sabsequetitJy pea-formed on a groiip of 
sjmbols that includes tiie phase siuilted lirst aid second symbols (block 78). in at least one 
cmbodjinsnt, alj of the modulatiotj ^ymhok ibat are to be \md to geaeanate the OF0M sigiisti 
10 subjected to a subcatner ds|sendetit pi^e sMft and are itjciuded in (be group of syitjbols 
that are trasisfbm^ed. After the mverse discrete Fourier transfbrn^ is pertoured, a gnAvd 
\mii\-\i i.tt.'^v be 'o iu unv-> ^ipxtxt "rhe signal mi> ihcj-^ 'oi oxi^nplc K isp- 

otber toim ol u.i^.sv'rv^ 

15 Ftg. 5 ts a block diag^ain illuai-sting an exiui^pic OJ^DM trausmUtei anai-^gemcm B{> m 

accDtdauce with anofhssr eiabodliaest of the present invejiuon. The transmitter arrangement 
80 may be used^ for cxamfile, ift a systeta imptem^tiag MIMO tecbaiqaes. As iU«strated< the 
tr^msmitter atrangemmt SO may iadude oae or i»ore of j a forward ertof OiOTectioa. (FEQ 
coder S2, amapptesr S4, a spatial stream iafesrlcaverSd, astemngumt B% a plurality of iaverse 
Jfest Fourier tr^orm (rFFT) unats 00. 92. H and a plwaiitj' of antennas 96, ^8, 100. The 
FEC coder ^i."* Kcenc^ .iaJfi at an snput ilu'icof anJ ^oj.-; f'.^. d>)'<. b -et' on 'S prv.^'deJemiiaed 
error code \m <■) .'uci\ of dftte'v,.r cnoi codi.*? \W £bc nu-prci ^^4 maps the 

ccdid Jau i-u^.fd ou pioJetonirned trt^tdj'arAn scheme f^e g 0[*SK, QF'SK., IbQ \M, 64 
Q^\i>f. jtid'ox oijers) 10 geneiate a seual sficam of jnodiiJaiuui s>anbr>!s at an outptn tUeieof, 

25 The spatial stream mtet 5eav?r 86 t-hen «i{er!eaves the scnal sireain of n^odulaiion symbols nito 
a plurality of spatial streams 101. A«y liuaibar of spatial streams may be generated in this 
fasluya. The steeting mii 88 receives spatial steams output by the spatial stream 
iiitedeaverE^andsteejssthe associated sytabols to a aumber of aateaiim paths 104, IQ6^ !08it3 
a pt-cdatemiinsd mamxer. In at tet one einbodim&nt, the steeriag tmit 88 achietfes its 

30 ftaictjon by multipiyitig inpai drita (received mthm the senal stre.m->^ HK-'s by d stt-cn-ig 
matrix. Each of the saitenaa paths 11)4, 106. 108 inciudes a concspondmg IFFT 92, «4 to 
comtjrt corrssponditig modulation symbols &om a &eq«eacy domain representation to a time 



domam rcpreseamtiou. Altbwgh illiisirated as i¥Ft% it should be appreciated that any type 
of discrete Fouiicr tejjfonii may be used. Each of tbe aptennxi patbs 1 04, 106^ 1 01? ieads to a 
correspoBf-lKifc <iir.enn4 96. si'*' \s ooiVe rji\ ;v-itf ui ^Jiic'.T.i ':-n u-^t\1, Utlicx 
circuiiry may jJso be tm inoed l^tftvxcen s.\^c>. ]! I T duci Hi- coucspouc re antcroa ^cg,, .i 
gij.'iuf imcrvul Mnoxi mnt, an RJ< trassnDitcr, etc.X Aoy number of autcnju paths n-i<o be 
utsed riie umiibcr of spaUai streams 102 may oraiay not be txjual lo fhe numlxT of ariitjatia 

In at Imt eaie eajbodijiient of die presmt mventioa, the steering uiiit S8 is used to 
provide! subeajxier depmdent pbsse terms to thse dats symbol that mU be output to at Imsi 
one of anteims paths 104, i06, 10B> Hie sutotTier dopeadent phas^^ tenns may he 
selected as described previously . In at kast oa« approach, as additional matrix muUipUcation 
xmy be performed v-ithm the stceimg m\it HS to p-u^ ,<_■'(, il't pha^c {ctpio (u lUtr dosircd 
moduUUun symbols, i-ot exaropie. if steering m&tiix to be iiscd m a iiaiticiJ^ar 
vtiipicjrcnuuuu is Kpi cheated as V*,tb«sath« phase tejrmsttUiy beiatroducedbytaodifyisg 
the lUeeriag imlrh. as follows; 



20 



6 0 



where V**' is the modified steefiitgiMtfix,^:^ is the suboafri^ index, isthesubcarrier 
freqacncy, and r, and r, ore delays a^3(K-i;i led %uth con espouduig ctntcinmpaihs. In the 
arraiiK^^meni SO of fui ?, if 5he srarabcr of i^paual stxeaius 102 cqu<d to the mmiber of 

25 aateaoa paths, ^ben tUe Njeenng matrix V" wili be the identic mMiW In such o s-a\e, 
arraugemeiit 80 of Fig. 5 mil be similar to the aifangement 30 of Fig. 2. Ali«riiadvcs]j% the 
steering matrix V* may be any Bsed tasitary matrix^ for exaiople, the Wal;^ imtrix 
prcvioitsly: displayed. 

The linear pha:^e lenu as just described is applied afbr th» fixed steefifig matrix V* . 

30 la this case, the phase term e-^^"^"^''^ is applied to ^je Vtk anterma, la a MIMO system, it is 



poSiSibJeto hav<j mots traasmit aatsooas ^an spatial sfjreams. The ttumber of itjws of V is the 
number Qf transmit aatennas and tbe number of colii»ifis is ilie number of spatial streams, 

N{)x^ , tr. iddiiioi-* io .jpf') ing fhe phas,-v' per anti-ajsi. u aLu poi^^sibk' to aj>ply phases per 
S|}ahal streaBi, In this, case, we have tbe reverse order of V" and B ; 

and the dimeessioa of stivatemaidjt !>(/ j t) is«ow the msinbcr of spatM streams {rather ihati 

AJfliough various embodsruienis have been described abow m ihe coatext of MIMO 
base4 systems th&i i\ mcd^.]^ hive niulltple receiver astteiiaass, It shouid be ^fppredated^ttlie 
above described ptinctplcs. uuy ulso he impJemenied in systems that xise muhipJe transmit 
mueima*; md only a S'T^gic rei-ene anieiina. 

The \nventive Teekaique^'; asid s(ruciu<c\s taax he uncxI m any <>i a wide viuiety of 
different wkelws devices, components, anc^ ^yvven-.^ I-t wjvarupk% in vyj k'u.s OTubudiaieiits, 
ftatm-esofthe ms'eatiosi maybe implemeaited vvjthin laptop, desktop, palmtop, sud/'or tablet 
oompatm having wu'eiess setworking funcstiouaiity, pej-sooal digital assistants (PDAs) 
hsviag wireless aetwarking iuoettouality, celMat telephones a»d ote hsiidiield wu-eie&s 
coi^mimicaiors, pagers, uMwork iakiface cards (MICi) aftd ijther ttetworfc in$»rfece 
stracttsi'Os, radio frequency mieg)Eatedctr<;»ife, aatir'or other devices, sj'sten^, aad cotaponcKts, 

It shomd b« appreclUed that the iiulividual blocks iHostrated in the block diiigrj«ns 
hcje.n f-u> he t'unctiOTivil m nature and do ?iot ncccssai-ay conrespond ro duvrcie i^ard-\\are 
e5efvc Si.-.. I'Oi cxompie, ui at iea.^i one unplenjcrantso-'i. r.^'o oi riorc oi tbe blocks mthin a 
bfockdiagjooi fcg . Fu' } j fu^ij b^- v..\ih20'. m ■<o^'^x•3tc ^xuIjo aslnck (xn nai)up)c> dspjtal 
processmg device{s). The digital procesiiiiig de^icets) may mclude, for cx^rapie, a general 
p«rpcjse raticroprocesson a (digital signal processor (DSP), a redticed instrucUoa set eoiaputer 
(RISCX a complex mstructioti set coitT?p«.ter (OSC), aSeid progranraaable gate array {FPOA), 
aa applicatioit specifie iotegmted circuit (ASIC), aud/or others, srjclading eombi«atloa& of the 
abovc> Hardware, sotbwe, firmware, aad/or hybtid impJeme«tations may be used 

In the fos^^ing detailed deacripttoii, vmcms feahtr es of &e invention are ^tiped 
rogethes" tn one or more mdividuai embodiments for the pmpose of streattilimng the 



m 

diS'cl'. td',re Thi? nmhm df disclosure is not to be interpreted as reflectiog an ktentiou tSiat 
me cl^ tnea uivoBfinrnequirefiinore featsre^ toaree^q)ress!yTle«!^te<i in eaob daim. Kather, 
tbe followjiig daims i^tleot, iaventive aspecfci may lie m Im to ail features ofmh 

5 -Mihougb fee pa't.ent luvmaon fcas been deseribcd m cotyvnchon wtti? certain 

en^bodjimeiits, it is to he understood that modsiacatioijs mid vstiatioas may he rcsoded to 
^itbout departing fkm ihe spirit andscope of the invention as those ^kiiled in xha mt iCxdily 
liuderstaad. Such modil^cations and vsriatioiis m coasideDJd to be miXxm the pufsiew and 
Si50|5e of the iJweiatiCinMdil^^ 



11 

a fxrsi phas>, si sUe o m-x >' de|>c«dtJiit pliase shiftf? to modulation 

s\ ^ !rx)ls associated h nh . n or, i< j^j > . > ei-iueiicy division multtplexmg (OFDA'D &igaal to 
.^rr a- ph.is.'s}!i;iedn ixiuLifioii s>mbols,v^erem!sajdtnod»tatioi) symbols coti^osd 
to ii'lKoiJieji* of the OFDM stgii^il; aud 

a first inverse discrete Fotitier tfasnsform mit to eoavert ^rst plui>e siuikd 
tnodulatidtt symbols &om a fteqaency dosijtiji representation to a time doniam feprescntatioa. 



10 2 . The apparatus of claim i , furtfeer compdsmg; 

a second phase shifter toprov-;. !c aihoan dependent phase shifts to saldmodufation 

5>ymbol;? asfvOciated with said OFPM ^vi^'uu u mk-k. c <;econa phase shifted moduiatioti 

syn^ool., wherein !>aHU{?umd plwsv ^ , ' vabc^trierdepeadent phase 

shifts to said modxilation symbols than ^^aai fir-si piva->c biiUics , .lud 
1 5 a $e<50ttd inverse discrete Fotmer transfonn mdt to coiwen said second phase shifted 

modiilation symbols fbom a fraqyeacy doasaia representation to a time domam represeaimtioft:, 
wherein said fitst iwerse dlscteta Fonri^ tensfona xmi is associated with a Sist 

miem& psth and said second inverse dtscrets Fourier tt^nsfemi ijnit is sssodated witife a 

second antemja path. 

20 J, The afsparahis of ciaiin 2. au tbe: cotnpnsing; 

ut iessr one oihtfr phase shitrcr {o prtA'ide s^ubcarrier dependent phase ^btl^;; ro mid 
modulition symbolic associated with said OFDM signal to generate other phase i>hirtcd 
nwduhuioii syrnbois. ^s hercin said st ie^ist one other phase shifter pro-\'ides differ>.ut siihcarrier 
dependent phase siiifts to said modulation symbols tfaati said first and second phase shita; 

25 and 

at lea^- one other inverse discrete Fourier transform unit to convert said other phase 
sVaited moduJation symbols irom a frequency domain representation to a time domain 
fepressatatioai 



4. fh& appsa-atus of claim 2, wherein: 



s.iid &st md second invei^e discrete Fotiiier trausform uaits are tast Foiine-E transform 

(I^FD units. 

5. i ht. apparatus of chvxxn m Iicteu]: 

fistil fcr phase slnfter provufe a p^Ja,se shift id a tust scoduLiUon '.jmboi ba.^'ed on a 
5 ^^ukxeace bemeea a fi^quency of a corresponding &ubcam«3i and ^ ct-uier 6ie^ucne> oJ h 
charmel itj which said OFDM symbol is to be tmasmitfsd. 

6. Hie spprstits <sf <jl58in I i is^^ia:: : 

said Hrst phase shifter provisfes sabcajrier cjependeiit phase shiSs to saidiTJodiiktion 
sv-.ubol? based «n m approximate coherence bandwidth associated v^'itli $1k appataiusi. 

10 The apDar;i*u-, of ci.uni 1 , v ha cu^ 

OToduijnion b^nV&ol md a second mo^iulaU«in ->i!rH->l iu->i iPoJuiAtior. s>n\boi bcjng 
associated witiii a firstsubcarrier and said second moduiatirni ^nuh> »t he»^g associated wltii a 
^ond subcamer feat is adjacent to said Srst subcarrier m frequency, wberem said pbase 
15 «er provides phase shifts to said gjst: and second nit>dtdatiofi symbols that differ by 
appimimately degreesj, where B «p>ss^ts m ^Jjg'oxitaat© cohereuee baadwJdth- 

8. A method comprj^tBg: 

4cqmrmg niodu!»tion i-ymboic? lo be u.scd to genei-aie an onhogonai irequenoy dWmon 
ijntiu oh Xing {^OFDM ) said ir.cdu!.u-<o» .^x n^hoh mdudfug at least a firxr ijyislM)! 8«d fi 
'JSU s«ccnd !s>inboU wheiein s-aid nwdui Jtn,m .syml\){s couc^poud to subcarrjer? of Ihe OFDM 

applying a fjrst phase siuft to said first syjnhol tlmi is dependant upon the si^bcarner 
associated wjth m4 to symbol ^ geaetate a to phase shifted syaibd; and 

appiyi?^ a second phase shift to said second symbol that is dependent upon the 
25 s«bi.T,mer associated with said swond symbol to generate a second phase shifted syioboh 



The method of oUiin 8, Iwrther compiisiog: 



IPC's: msimmmms 



applying an inverse discrete Fouriei' trsjjstbrm to a group of niodalaiioii sytiibolsthat 
said fivst phase sh'tcA symbol and said seco»d phase shifted sjiabol 

Iv Tb« meibod uf claim wlwaHti: 

v\ul jnodulatsoo syniboh ro be used {o ge-iciaie ..tad drmi ^jsrijai ractnils tMhcr 
sjti-tboJs m addition to said first symbol md said .second F>)nboL tsatd n^ctfeid ftuihcr 
cofflpmmg applymg subcarriei- dependent phase shiils to said oihor symbols lo ycnu'atc oibcr 
phasse shiifed symbqis, wiieroin said gmiip of ifiodaiatiou symbols includes said other ptoe 
:s&iiied>syi3i3o^- 

1 5 rUe Jiietbod nf claim S, wherem: 

,,ppj ving a fM-i-1 phase shiit i. ' '1 - { : T>;boi uwiadc^ iipp1yi«g a P^^ase shift that is 
Imc a .^ k1 itod u> i aLqj^cm s >.i la^ i,ubvd>. .^r dissociated wiUi said fir«?t symbol 

1 2. The method of ciatm whMgtia: 

m¥m a &st phase shift to said fet symbol iaeiudes applying a phase shtft that i§ 
aon4iit«ar1y related to a ftequency of fee subcarrier associated with said fitst syml^l 



13. The method oi'cjaim J^i. where!?;; 

applying u first pbat^e shiii to said ilrst symbol includes applying a pbase shift tiiat is 
s^Mted to an appr<»dmat& cahexes^e^ bandwidth of a coirespondiug cba«ael 

The method of claim S» whereiji; 

said Htst ajid secoud pba^e slufted symbols ats to be mmsmitled &om u itx^i aijieima: 

ami 

s^id method tmtlier comprises: 

applying a third phase shift to said ftM symbol that is depfiaoidaafupoB the 
siibcamei- associated with said fwat symbol to getietat© a third pbase shifted symbol, 
wherein said tbij'd phase shijft is ditterent ftom said first phase shift; and 



wo mi5/w2Ji "^cvmimmmm 

m 

^Ifmg a ijiirth phase bU& to said aecond symbol &at is dependent upoa fee 
stibcamef associated with said second symbol to genemte a fourth phase shifted 
symbol, \xb^iYin IkitC'. phv^ <h\v is ditlerent feom said $econd pbasc shift; 
wherein ^aid third and iomtk piuse shifted symbols aire to be trat?smittistl iVofli 
5 a second antenna, snid second antos beiag dilfefem torn said first aatetuut. 

15. An nppmmttis mmpfiMmg: 

m inter iea-ver to s&psrm a semi iapui stream of inodidation synibols mio N spatial 
stT^as, where M is apest^ve integer^eatey tlsim I? aod 

a s^emtig toitt ta xtjceive said K spatial stieams and to steer the associated moduiafioti 
10 symbols into M mtmtt'A paths, where M is a positive iatega* greater thajti 1, wberm said 
stecr;ii;; umt pa^vid!.'? stibcanser dcvxndent phase shifts to modulatiou syiSiboIs associated 
wiib ai least <.nc of^aid "N spattal streamsi, 

1 6, The apparatus of oiaim 1 5. therein: 

said M asteima paths iiicludes at imt a 'Srslpath and a second pailv. mK\ 
1 5 said apparatus further include a first inverse discneie Fourier tranj?form unit within 

said &st padi md a secojsd inverse disoi-«te V<mm traissform vmvt ^^fiihia s^d second p®th. 

|7 'Hie apparatus of ckim 1 5> vt-hereiit: 

j^aid first md second iwerse dfeetste Fourier trans;fen» woits are i^t Fouder to^nsform 



20 I B, Tho apparatus of ciano 1 S, wherein N equaK- IVL 

19. Tfie ^paratus of claim 15, whereiji N does mt equal U, 

20, The apparauts i>f claim 15, whsreitx: 

said <^paratus is adapted Sjr use mthis a multiple input miUttpie output (MEMO) 
feased tmJsmMmg device. 



25 3i. Tlie apparatus of daiaU 5, further covnpnsing; 



a mapper io rm^ mpU dats* bits iato a serial stre^ of njodwktion symbols based on a 
p-edetemaQed modxdation scheme, said sedai stream of modalarioa syiabols for deliverj' to 

22, The apparatus of clains 2 1 , fltjtber comprising: 
§ s fonvsrd error correction (FEC:) coder to eacode user data based ob a predetemimed 

eiTor code, said FEC coder to deliver mcoded data bits to 8« ii^ut ©fsaid mpper. 

said steering mit provides subestmer dependettt pJsase shi^s to tiioduf atma symbols 
associated witli ^it least two spatial streijras, wbemk different pba«e s^jqueiices ai-e used for 
10 ^&.ch of said at least two spatiai streams. 

24. The ap]);ii«lu-s {^fcKJun I ^vheri;»^. 

said steerii^g unit provides iiiibcarnei- depeodciu phase shifts lo moduiatios &>ttiboi,s 
assocxtsted witJi N- i of said N spatial streams, ^hsx^n dii^r eat pbase seqiiescss arc ^ed for 
«afc1i:of:$al^M-l ^patMstmam^ 

15 25. Tim apparatus of cJalm 15, mlifil^a;: 

sai4 steering w»it^vides subcmbr d«^eade{itjii&asesblife#a3o4^ 
associated with each of said N spatial stneanis, wberekdif^ereatpb^ se<pmses aits psed for 
^s-icfa of said N spatial streaiiss. 

26. A sy.stem comprising. 
20 s iltst phase shitter io provide subcarrier dependent phasje sbjiis to ntodulatjon 

syrjibols asso^jiated with m orthogomi ftequeney division multiplexiiig (OFDM) isigasi in 

generate Stst phase sbift«d modulation symbols, xvtainsaidmodu!ation symbols cotreapond 

\o subcan-iers of the OFDM sigasl;; 

first Inverse discrete Fourier traijsforot usit to amv&d said first please sbified 
25 rfjo* luiati on Siom a ftequewy tiomaiu vepresenlatioa to a time domain represeutatioft; 



u 

at i«ast one dipok attteyaoa deniettt to transmit a tadio fisqumcy (KF) sigsai that 
ju-iutif's t<a!d dme domain repm^eritatioa af said phase shifted modokticm symbols. 

2' Ihc system of claim 20. fitrtLet ,;0i::|-' K-Hig; 

a v-uard mltjnal addition uuit k> add a guard interval to satd time danmi 
S rep} ejisnutioji of said pbsse shifted moduUio» s^vinbols, 

28. The §ysteis of claim 27, aJtther compdsing: 

aa ^ transmitter located between said guard iaterval s«jditio» xmi and said al least 
0538 ilipok antenna dem^t to gjeuemw satd RF signal nmng said linis doaiain reprssentaticxn 
oiNaid fhuse shifted roodidaticm symbols. 

executed by a coti^piiUiu' pLu'o ,i) ope a.c i<v 

acquire modttlatiou symbols be used lo geamie an urdjogonal rrev|ueac> divitsm 
GiidtjfskjciJig (OFDM) signal, said modulaUou symbols iaduding at leajst a iirst sjmbo! and a 
second s)fi»t>ol wherein said moduktios symbols eorrespond to sabcarriers of the OFDM 
15 sigjiaU 

apply & fitst phase shift lo said first symbol tiiat u? depeadant tipon the sttbcartier 
associated with said fmi symbol to generate a finst phase shited siinbol; md 

apply a second phase shtlt to ..nj^ooi uJ ^< .nbo^tluiisdependomupontJicsubGamer 
< -s urmred wjth said second .s^mbo} g »vi u i i i>h 5se >hi^Kd mbol 

20 30. The anick oi claiin 2% \\ luw.. ^.nu instnicliono, svhen executed by the cotnputiug 
platform, fiirlber operate to'. 

apply aa iswerse discrete Fourier transfomi to a group of laodulatioii symbols that 
ittchdss satd first phase &UMd symbol aaad said second phase shiited synabol 



3 i i hti article uf ciaim 2'), \vbereitv. 

u > apply a ftr^t phase sbit> to ^atJ ftrst systsbol iaoMes to apply a phase shit that iis 
\wc.ii 1} relstv'd to a frequency of the siibcamer associated with said first symbol. 



wo 2005/*it$>5>2j j mt[mwm/mm$ 

32. The .wdcie of ol-mn 29, whemn: 

to apply 8 tirsi phase shift to said fmt synibol iscJvfe to apply a phase shift that i§ 
i)oa-iiJiearly rdafed to a frequency of tt3« sisbc-arrier sassocMed m\b mid first sjuiIk*! 

5-1, I he article of cl;u'm 29, v^'herein; 
5 lo apply a first phase sMft to s;«d Jlrsi symbol meludcs tc» apply pbaije xljifl to jss 

tsUited to an approximate coherence baadwidth of a correspoiidtng chamiel. 
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■ AcqmMMomLATmBYmoxs'WBmsm to 

GBNHSATE AH OFDM SKS* AL, THB MOOtJLAttOH 
SYI^LS INCLUDme AT IMST A FIRST SYftfBOL AND 
A SEOONU SYMBOL WHERE EACH OF THE 
MOPUtAtlON SYMBOLS CORRESPONDS TO A 
SUBCASMER OF THE OFDM SiONAL 



APPLY A FIRST PHASE SiiTFr TO THE FiRST SYMBOL 
THAT iS DEPENDENT UPOM A SUSC/VRRSiR 
ASSOCIATED WITH TOE FIRST SYMi^OL 



APPLY A SECOND PHASE SHIFT TO THE SECOND 
SYMBOL THAT IS DBPENDEm*tlK>M A SUBCARRIER 
ASSOCIATED WITO THE SECOND SYMBOL 



PJBRFOSM AN INVERSE DISCRETE FOURIER 
TRANSFOKM OH A GROUP OP SYMBOLS TMA7^ 
SJfaUDBS IBEFIRST AND SECOMD PHASE SHfFTED 
SYMBOLS 
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